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T he development of eukaryotic cells, which contain a nucleus and other membrane-bound compartments, is one of the most enigmatic events in the evolution of life on Earth 1 . A crucial moment in this process was the emergence of mitochondria. These organelles are thought to have formed when a bacterial cell began living inside an archaeal host cell -a form of endosymbiosis, a mutually beneficial relationship in which one organism lives inside another. The bacterium is envisaged to have provided its host cell with additional energy 2 , and the interaction eventually resulted in a eukaryotic cell that contained genes of both archaeal and bacterial provenance. In this issue, Pittis and Gabaldón 3 (page 101) provide evidence that the host cell from which eukaryotes evolved was already genetically chimaeric before the mitochondrial symbiosis, suggesting that mitochondria evolved later in eukaryotic evolution than was previously presumed.
Mitochondria generate energy through oxidative-phosphorylation reactions and are therefore sometimes known as the 'powerhouse' of eukaryotic cells. Since their discovery more than 100 years ago, the origin of mitochondria has been hotly debated. Currently, an overwhelming amount of evidence indicates that mitochondria are the result of a single endosymbiotic event, and that the mitochondrial progenitor was related to the Alphaproteobacteria 2,4 (although to which group is still unclear). The archaeal host is thought to have been related to the Loki archaeota, a phylum of archaea that was recognized only last year 5 . Yet there is still uncertainty over when mitochondria emerged during eukaryotic-cell evolution: was this an early, perhaps even initiating, event ('mito-early'), or did it occur when the complexity of the eukaryotic cell was already largely established ('mito-late') 6 ? According to conventional mito-late models, eukaryotes emerged before the mitochondrial endosymbiont was acquired 7 ( Fig. 1) . But the popularity of these models has been decreasing with the realization 1 that eukaryotes that do not have mitochondria, and that are thought to have diverged evolutionarily before mitochondria evolved, contain organelles that are degenerate but clearly derived from mitochondria, such as hydrogenosomes and mitosomes. The finding that all known eukaryotes have (or once had) mitochondria resulted in a wave of mito-early hypotheses, in which the interaction between direction. Heat might also be generated when current passes through the molecules during the STM-BJ measurements 7 , which could have an additional effect on the reaction rate. This should be investigated further.
Although many details remain unexplored, the work provides the first experimental evidence that an electric field can control chemical reactions. If this effect can be scaled up for commercially useful reactions on an industrial scale, it could have a huge economic impact. However, the STM-BJ set-up can create a large, directional electric field within only a tiny volume, and would not be suitable for industrial applications -another technique would need to be developed. Nevertheless, the STM-BJ approach certainly provides a new way to study and control chemical reactions at the single-molecule level, and might provide unprecedented information about reaction mechanisms in the future. ■
EVOLUTION

Mitochondria in the second act
A large phylogenomics study reveals that the symbiotic event that led to the emergence of organelles known as mitochondria may have occurred later in the evolution of complex cells than was thought. See Letter p.101 Models for the origin of eukaryotic cells are usually divided into 'mito-early' and 'mito-late' scenarios, depending on whether the mitochondrial endosymbiont was acquired early during eukaryotic evolution or when much of the complexity of eukaryotic cells was already established. Pittis and Gabaldón 3 provide evidence for a 'mito-intermediate' scenario, in which the cell that hosted the mitochondrial endosymbiont displayed a degree of cellular complexity before the mitochondrial endosymbiosis. But, in contrast to conventional mito-late models, Pittis and Gabaldón's results do not necessarily imply that the host cell was a fully fledged eukaryote. Hence, their findings are compatible with recent work that supports an archaeal origin for eukaryotes 5, 10 . a primitive host cell and the mitochondrial endosymbiont was the main driving force for eukaryogenesis (Fig. 1) .
A syntrophic interaction -in which one species lives off the products of anotheris often invoked in these models, and it is thought that the most profound outcome of this interaction was the reallocation of energy production from the host cell's membrane to the mitochondrial membrane. This compartmentalized energy management provided the host with a surplus of energy, which is suggested to have triggered the emergence of the complex cellular features that are characteristic of eukaryotes 8 . The result of this evolutionary journey is proposed to have been the first eukaryotic cell, with a chimaeric genome 9 . However, although mito-early models have gained much support among evolutionary biologists, the genomic chimaerism in eukaryotes hides a problem: most of the bacterial genes in eukaryotic genomes cannot be traced back to the alleged alphaproteobacterial ancestor of mitochondria. Instead, they seem to originate from various unrelated bacteria. Pittis and Gabaldón aimed to solve this mystery.
By tracing phylogenetic signals of proteins that were present in the last eukaryotic common ancestor (LECA), Pittis and Gabaldón identified different classes of protein according to the timing of their appearance in eukaryotes. In agreement with other findings that imply an archaeal origin for eukaryotes 5, 10 , the authors found that the oldest LECA proteins are dominated by archaea-related proteins that are involved in essential cellular functions such as replication, translation and transcription. Furthermore, the most recently acquired LECA proteins are, unsurprisingly, dominated by bacterial proteins, most notably from alphaproteobacteria, that are primarily located in mitochondria and involved in energy generation. Most of these proteins probably originate from the alphaproteobacterial ancestor of mitochondria. Intriguingly, however, Pittis and Gabaldón identified a third class of bacterial LECA protein that they infer was acquired before these mitochondrial proteins. Several of these proteins seem to be located in intracellular membrane systems, such as the endoplasmic reticulum and the Golgi apparatus.
These findings shed light on the relative timing of the origin of mitochondria and the genomic nature of the host cell. First, the results imply that the host cell was already chimaeric before the mitochondrial endosymbiosis. Second, the fact that several of the bacterial proteins that pre-date the mitochondrial endosymbiosis operate in intracellular membrane systems suggests that the host cell already displayed a considerable degree of complexity, which is supportive of a relatively late mitochondrial origin (Fig. 1) .
However, Pittis and Gabaldón's results raise a question: what, then, was the origin of the bacterial genes that pre-date mitochondrial endosymbiosis? Clearly, these genes can no longer be explained by 'inherited chimaerism' of the mitochondrial endosymbiont 11 . The authors suggest that the genes may have been acquired through previous (endo)symbiotic interactions with different bacterial partners or by serial waves of horizontal gene transfer to the host genome.
Although this question remains open, clues to an answer might come from genomes of the Lokiarchaeota phylum, members of which share a common ancestry with eukaryotes. Analysis of a lokiarchaeal genome indicated that nearly 30% of its genes display greater similarity to bacterial than to archaeal genes 5 . Despite being extensively reshaped by evolutionary processes, some of the bacterial genes in the archaeal ancestor of eukaryotes could have ended up in the genomes of presentday eukaryotes. Future exploration of new lineages of archaea and eukaryotic microorganisms will provide yet more insight into the origin and early evolution of eukaryotes, 
